Mol. Cells 201 4; 37(5): 399-405 

http://dx.doi.org/10.14348/molcells.2014.0042 MoIGCUIGS 

and 
Cells 

http://molcells.org 

Established in 1990 



A Revised Assay for Monitoring Autophagic Flux in 
Arabidopsis thaliana Reveals Involvement of 
AUTOPHAGY-RELATED9 in Autophagy 

Kwang Deck Shin, Han Nim Lee, and Taijoon Chung* 



Autophagy targets cytoplasmic cargo to a lytic compart- 
ment for degradation. Autophagy-related (Atg) proteins, 
including the transmembrane protein Atg9, are involved in 
different steps of autophagy in yeast and mammalian cells. 
Functional classification of core Atg proteins in plants has 
not been clearly confirmed, partly because of the limited 
availability of reliable assays for monitoring autophagic 
flux. By using proUBQ10-GFP-ATG8a as an autophagic 
marker, we showed that autophagic flux is reduced but not 
completely compromised in Arabidopsis thialiana atg9 
mutants. In contrast, we confirmed full inhibition of auto- 
phagic flux in atg7 and that the difference in autophagy 
was consistent with the differences in mutant phenotypes 
such as hypersensitivity to nutrient stress and selective 
autophagy. Autophagic flux is also reduced by an inhibitor 
of phosphatidylinositol kinase. Our data indicated that 
atgS is phenotypically distinct from atg7an6 atg2 in Arabi- 
dopsis, and we proposed that ATG9 and phosphatidylino- 
sitol kinase activity contribute to efficient autophagy in 
Arabidopsis. 



INTRODUCTION 

In diverse eukaryotic species, autopliagy targets a portion of 
tine cytoplasm to a lytic compartment for bulk degradation 
(Yang and Klionsky, 2010). The best-characterized type of 
autophagy is macroautophagy (hereinafter referred to as auto- 
phagy), which is initiated by the formation of a membrane cis- 
terna called the phagophore. A phagophore is an expanded 
membrane sac that sequesters cytoplasmic constituents and 
matures into the autophagosome, a double-membraned cytop- 
lasmic compartment. In yeast and plant cells, the outer mem- 
brane of the autophagosome fuses with the vacuolar mem- 
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brane. In the vacuole, the inner membrane and its cargo are 
called an autophagic body, which is rapidly degraded by vacuo- 
lar hydrolases. 

A set of Autophagy-related (Atg) genes is responsible for au- 
tophagy in yeast and is conserved in higher eukaryotes. Ho- 
mology-based reverse genetic studies have revealed the func- 
tion of autophagy in plants (Li and Vierstra, 2012). On the basis 
of the classification of conserved yeast and mammalian Atg 
genes involved in phagophore initiation and expansion (Yang 
and Klionsky, 2010), it was proposed that core ATG homologs 
in Arabidopsis are classified into four groups (Kim et al., 2012): 
(i) ATG1 kinase complex containing ATG13 (Suttangkakul et al., 
2011) and ATG11 (Li et al., 2014); (ii) phosphatidylinositol (PI) 
3-kinase complex containing VPS34 and ATG6 (Liu et al., 
2005); generating phosphatidylinositol 3-phosphate (PI3P), 
which may be enriched in autophagic membrane (Zhang et al., 
2011); (iii) ATG8 and ATG12 conjugation system containing 
ATG7 (Doelling et al., 2002), ATG4 (Yoshimoto et al., 2004), 
ATG5 (Thompson et al., 2005), ATG10 (Phillips et al., 2008), 
and ATG12 (Chung et al., 2010); and (iv) transmembrane pro- 
tein ATG9 (Hanaoka et al., 2002; Inoue et al., 2006) and ATG2- 
ATGIBa complex (Inoue et al., 2006; Xiong et al., 2005). All 
Arabidopsis mutants defective in ATG8 and ATG 12 conjugation 
showed the same degree of phenotype (Chung et al., 2010). 
For example, atg7, atgS, atg10, atg4a atg4b double, and 
atg12a atg12b double mutants were unable to survive 12 days 
of darkness, while more than 50% of wild-type seedlings were 
still recovered after the dark treatment (Chung et al., 2010). 
During post-germinative growth, atg5an6 a^gZ mutant hypoco- 
tyls also showed similar stabilization of peroxisomal proteins 
(Kim et al., 2013). However, only a few studies have revealed 
phenotypic differences among multiple classes of Arabidopsis 
atg mutants (Hofius et al., 2009; Inoue et al., 2006; Suttangka- 
kul et al., 201 1 ; Wang et al., 201 1 ). 

Yeast Atg9 and its mammalian homolog ATG9 are thought to 
act early in autophagosome formation, but detailed mode of 
action may differ between two homologues (Zavodszky et al., 
2013). Yeast Atg9 is required for autophagy (Noda et al., 2000), 
whereas mammalian ATG9 appears to be important but not 
strictly required for this process (Orsi et al., 2012). Yeast Atg9 
interacts with Atg2 and with PI3P-binding AtgIB (Wang et al., 
2001), all of which are localized at the edge of the phagophore 
(Suzuki et al., 2013). In fact, recent studies suggested that Atg1, 
Atg2, and Atg18 are all interconnected and regulate Atg9 traf 
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fickin in yeast (Zavodszky et a!., 2013). In contrast, interactions 
of nnannnnalian ATG9 with ATG2 and ATG18 were not reported, 
and the relation between ATG9 and ATG2-ATG18 rennains 
unclear. 

Arabidopsis atg9-1 was described as the first plant atg nnu- 
tant (Hanaoka et al., 2002), although it is not clear whether this 
nnutant is deficient for autophagy. Wild type (WT) and nnutants 
honnozygous for the second allele, atg9-2, accunnulated cytop- 
lasnnic inclusions in the vacuole when they were treated with 
protease inhibitors (Inoue et al., 2006). In contrast, atg2 and 
atg5 nnutants accunnulated nnuch less cytoplasnnic inclusions in 
the vacuole, suggesting that autophagy in Arabidopsis roots 
requires ATG2 and ATG5 but not ATG9 (Inoue et al., 2006). 
Thus, it appears that Arabidopsis ATG9 and ATG2 belong to 
different classes of core ATG genes. To confirnn the functional 
classification of Arabidopsis ATG genes, further infornnation 
nnust be obtained fronn connparative analysis of atg nnutants, 
which nnust be validated by assays for autophagy (Klionsky et 
al., 2012). However, the dispensability of ATG9 ^or autophagy 
in Arabidopsis was not confirnned by analysis with the auto- 
phagic nnarker GFP-ATG8, which was used to dennonstrate 
that autophagy is inhibited in a^gZ (Chung et al., 2010), atg5 
(Chung et al., 2010), and afg2(Wang et al., 2011). 

Autophagic flux is defined as the dynannic process of auto- 
phagosonne synthesis, delivery of autophagic substrates to the 
lytic connpartnnent, and degradation of autophagic substrates 
inside the lytic connpartnnent (Mizushinna et al., 2010). Deternni- 
nation of autophagic flux is innportant because a steady-state 
level of autophagic nnarkers nnay be increased not only by in- 
duction of autophagy but also by a block in a later step such as 
fusion or vacuolar degradation (Klionsky et al., 2012). Conca- 
nannycin A (CA), an inhibitor of vacuolar proton punnps (Matsu- 
oka et al., 1997), is useful for nnonitoring autophagic flux in 
plants. Treatnnent with CA leads to increased vacuolar pH and 
inactivation of acid hydrolases in the vacuole. The objective of 
this study was to identify phenotypic difference between atg7, 
atg9, and atg2 nnutants. By using autophagic nnarkers and inhi- 
bitors, we found that atg9 nnutants are phenotypically distinct 
fronn atg7 and atg2 and exhibited reduced autophagic flux 
when connpared to WT. 

MATERIALS AND METHODS 

Plant materials and growth conditions 

TAIR Accession nunnbers of Arabidopsis genes nnentioned are 
as follows: ATG2, AT3G19190; ATG5, AT5G17290; ATG7, 
AT5G45900; ATGBa, AT4G21980; ATG9, AT2G31260. Arabi- 
dopsis ttialiana T-DNA insertional nnutants atg2-1 (Inoue et al., 
2006), atg5-1 (Thonnpson et al., 2005), atg7-2 (Chung et al., 
2010), atg9-3 (SALK_1 28991), and atg9-4 (SALK_1 45980) 
were previously described or obtained fronn the Arabidopsis 
Infornnation Resource (TAIR, http://arabidopsis.org). Transgenic 
nnarker lines expressing GFP-ATG8a under the control of the 
cauliflower nnosaic virus 35S pronnoter (Thonnpson et al., 2005) 
and Arabidopsis UBQ10 pronnoter (Kinn et al., 2013) were des- 
ignated pro35S-GFP-ATG8a and proUBQ10-GFP-ATG8a, res- 
pectively. 

Surface-sterilized Arabidopsis seeds were stored at 4°C for 3 
days and incubated at 20-22°C under a 16-h light/8-h dark 
photoperiod. For liquid culture, seedlings were incubated in a 
24-well plate containing Murashige-Skoog (MS) liquid nnediunn 
supplennented with 1% (w/v) sucrose (Kinn et al., 2013). Nitro- 
gen supply to the seedlings was linnited by changing the nne- 
diunn to liquid MS-N containing 1% sucrose (Chung et al., 2009). 



For solid culture, seeds were gernninated on MS solid nnediunn 
with 1% sucrose (Kinn et al., 2013). A carbon starvation experi- 
nnent was perfornned as described previously (Chung et al., 
2010). 

Immunoblot analysis 

Seeds were gernninated on the solid nnediunn for analysis of 
isocitrate lyase; hydroponically grown seedlings were used for 
all other analyses. Dissected hypocotyls (for isocitrate lyase; 
Ettinger and Harada, 1990) or whole seedlings (other analysis) 
were honnogenized in Laennnnii buffer and clarified by centrifu- 
gation at 16,000 x g for 10 nnin. Protein sannples were sepa- 
rated by 12% SDS-PAGE. Innnnunoblot analysis was perfornned 
as described previously (Kinn et al., 2013) except that anti-GFP 
antibodies (Roche) were diluted to 1 :2000. 

Microscopy 

Nine-day-old root tissues fronn the nnaturation zone were ana- 
lyzed using a Zeiss 510 laser scanning confocal nnicroscope 
(Carl Zeiss). GFP was excited with a 488-nnn excitation line and 
a BP500-530IR ennission filter was used for detection. Z- 
sections through the central vacuole were acquired at 1-|Linn 
intervals to distinguish autophagic bodies fronn transvacuolar 
strands. 

RESULTS 

ATG9 is not strictly essential for autophagy but affects 
autophagic flux 

To investigate the requirennent of ATG9^or autophagy in Arabi- 
dopsis, we used two atg9 alleles, designated atg9-3 and atg9-4. 
The atg9-3 and atg9-4 alleles have a T-DNA insertion in exon 6 
and in the 5' end of exon 8, respectively, of the single-copy 
ATG9 gene (Supplennentary Fig. SI). Reverse transcriptase 
(RT)-PCR analysis detected no /A TG^ transcript flanking the T- 
DNA insertion in atg9-3 and atg9-4, indicating that they are null 
for functional y4TO9 transcripts (Supplennentary Fig. SID). 

We initially crossed the atg9 nnutants with transgenic plants 
carrying the pro35S-GFP-ATG8a transgene (Thonnpson et al., 
2005), a popular nnarker for the autophagosonne and autophag- 
ic bodies. However, we observed a nnarked reduction in GFP 
signal in the progeny produced fronn the crosses, connpared to 
GFP fronn the original pro35S-GFP-ATG8a transgenic line (da- 
ta not shown). The reduction likely resulted fronn transgene 
silencing, because the presence of cauliflower nnosaic virus 
35S pronnoter in T-DNA tagging nnutants often represses trans- 
gene expression driven by the sanne pronnoter (Daxinger et al., 
2008). Thus, we decided to use an alternative nnarker, 
proUBQ10-GFP-ATG8a (Kinn et al., 2013), which contains the 
pronnoter of Arabidopsis UBQ10 gene instead of the 35S pro- 
nnoter. We crossed the proUBQ10-GFP-ATG8a transgenic 
plants with atg9-3 and atg9-4, and their F2 individuals were 
genotyped to obtain atg9 nnutants containing the transgene. 
The proUBQ10-GFP-ATG8a seedlings with WT, atg7-2, atg9-3, 
or atg9-4 background were incubated in liquid nnediunn contain- 
ing either CA or dinnethylsu If oxide (DMSO) as a solvent control. 
CA is frequently used to stabilize vacuolar GFP-ATG8a puncta, 
which are interpreted as autophagic bodies (Yoshinnoto et al., 
2004). Confocal nnicroscopy of DMSO-treated WT and atg9 
roots (Fig. 1A) revealed a diffuse GFP-ATG8a signal in the 
cytoplasnn, except for the occasional puncta that nnay show 
phagophores or autophagosonnes. The CA-treated WT vacuole 
contained nunnerous GFP-ATG8a-labeled autophagic bodies, 
while the atg7-2 vacuole did not contain GFP-ATG8a puncta. 
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were predicted from GFP-ATG8a coding sequences in two transgenic constructs. 



Fig. 1 . Autophagic nnarker analysis of atg7-2 and atg9 
nnutants. Hydroponically grown 7-d-old Arabidopsis 
seedlings were further incubated in either nitrogen (N)- 
sufficient or -deficient nnediunn for 2 days before analy- 
sis. (A) Subcellular localization of GFP-ATG8a in N- 
limited wild-type (WT), atg9-3, atg9-4, and atg7-2 roots. 
Eight-day-old proUBQ10-GFP-ATG8a seedlings with 
indicated genotypes were treated with either 1 |iM con- 
canamycin A (OA, second row) or an equal volunne of 
dinnethylsulfoxide (DMSO, first row) for 16 h, and ana- 
lyzed by confocal microscopy. Arrowhead shows a 
phagophore-like signal. Representative images were 
chosen from at least five biological replicates. Scale bar 
= 10 [im. (B) and (0) GFP-ATG8 processing assay of 
atg9 and atg7 mutants. Non-transgenic WT (NT), 
pro35S-GFP-ATG8a, proUBQI 0-GFP, and proUBQW- 
GFP-ATG8a transgenic seedlings of indicated geno- 
types were incubated in N-sufficient liquid medium for 7 
days and then incubated in N-deficient medium for 2 
days before immunoblot analysis (B). In (0), N-supplied 
or -limited seedlings were treated with OA (+) or DMSO 
(-) for 16 h prior to protein extraction. Immunoblot analy- 
sis by using anti-GFP (upper panel) or anti-histone H3 
(lower panel; loading control) antibodies was performed. 
Arrowheads show the protein bands corresponding to 
GFP-ATG8a, GFPap, and histone H3. Asterisk indicates 
the position of protein bands corresponding to GFPip 
which shows slightly slower mobility than that by GFPar. 
Representative immunoblots were selected from at 
least three independent experiments. (D) Comparison 
of two autophagic marker lines, pro35S-GFP-ATG8a 
pairwise alignment of N-terminal amino acid sequences that 



as previously reported (Chung et al., 2010). GFP-ATG8a punc- 
ta were detected in the vacuole of CA-treated atgO seedlings, 
although they were not as abundant as in the WT (Fig. 1 A). 

To nnonitor autophagic flux in atg9 seedlings, we carried out 
the GFP-ATG8 processing assay (Klionsky et al., 2012). This 
assay is routinely used to study autophagy in yeast and is 
based on the fact that GFP-ATG8 in the vacuole is processed 
to generate free GFP which is nnore stable than GFP-ATG8. 
Autophagy-deficient nnutants typically lack free GFP, whereas 
the inhibition of vacuolar degradation results in accunnulation of 
free GFP and GFP-ATG8. Although the assay can be used for 
plant cells (Chung et al., 2010; Suttangkakul et al., 2011), there 
is a potential problenn with this nnethod. In atg5-1 nnutants ex- 
pressing the conventional autophagic nnarker pro35S-GFP- 
ATGSa (Thonnpson et al., 2005), we often detected a faint pro- 
tein band (Fig. IB, lane 3) that co-nnigrated with the free GFP 
band in the WT extract (Fig. IB, lane 2). Interestingly, when we 
used proUBQI 0-GFP-ATG8a for anti-GFP innnnunoblot analy- 
sis (Figs. IB and 1C), we identified three protein bands with 
different nnobility in SDS-PAGE: one band at the predicted size 
of GFP-ATG8a, and two faster bands sinnilar to the size of free 
GFP nnoiety. The WT had the fastest band, atg7-2 had a snnear 
band with slightly slower nnobility (indicated by asterisks in Figs. 
IB and 1C), and atg9-3 and atg9-4 included both. In the WT, 
the intensity of the fastest protein band was increased by nitro- 
gen linnitation and further by CA treatnnent. These increases 
suggest that this band represents a processed GFP species 
that is nnore stable than GFP-ATGBa in the vacuole and is thus 



a true indicator of autophagic flux. This protein species was 
designated GFPap (for autophagy-dependent, processed GFP). 
In contrast, the slower band appeared to be associated with 
inefficient autophagy, as it was rarely detectable in the WT but 
nnore noticeable in atg9-3, atg9-4, and atg7-2, this protein spe- 
cies was designated GFPp (for autophagy-zhdependent, 
processed GFP). Although GFPp level was slightly increased 
by nitrogen linnitation in atg7 and atg9 nnutants, it was not in- 
creased by CA (Fig. 1C, snnear bands indicated by asterisk), 
showing that GFPp is not associated with the vacuole and can- 
not be considered an indicator of autophagic flux. 

Connpared to WT, atg9 seedlings contained a lower level of 
GFPap (Figs. IB and 1C), indicating reduced autophagic flux in 
the nnutants. The atg9 nnutants showed a WT-like increase in 
GFPap in response to nitrogen linnitation, but unlike the WT, CA 
treatnnent had only a nninor effect on GFPap levels in these 
nnutants (Fig. 1C). Since CA nnainly acts after the fusion of the 
autophagosonne with the vacuole, this result suggested that 
ATG93.c\s in an early step before the fusion event. 

We further tested the hypothesis that GFPap is a product of 
vacuolar degradation. Tannura et al. (2003) reported that GFP 
tagged with a C-ternninal vacuolar-targeting signal is processed 
in the vacuole, and that a processed GFP nnoiety was stabilized 
when plants were incubated in the dark. Consistent with our 
hypothesis, the abundance of GFPap, but not of GFPp, was 
increased when proUBQI 0p-GFP-ATG8a plants were incu- 
bated in the dark (Fig. 2). 
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Fig. 2. Response of autophagic marker lines to light deprivation. 
Autophagic marker lines proUBQI 0-GFP-ATG8a with indicated 
genotypes were incubated in N-sufficient liquid medium for 8 days. 
At day 8, a plate containing the seedlings was wrapped with alumi- 
num foil (- light) and another plate was left illuminated (+ light). After 
24 h, proteins were extracted from the seedlings and immunoblot 
analysis was performed using anti-GFP (upper panel) or anti- 
histone H3 (lower panel, loading control) antibodies. Arrowheads 
show the protein bands corresponding to GFP-ATG8a, GFPap, and 
histone H3. Asterisk indicates the position of protein bands corres- 
ponding to GFPip which shows slightly slower mobility than that by 
GFPap. NT, non-transgenic control. 
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Phenotypes of afgP differ from tliose of atg7 and atg2 

We compared atg7, atg2, and atg9 for hypersensitivity to nutrient 
limitation, which is the canonical phenotype of autophagy- 
defective Arabidopsis mutants (Doelling et al., 2002; Hanaoka 
et al., 2002; Inoue et al., 2006). As expected from our analysis 
of autophagy, atg7-2 and atg2-1 showed hypersensitivity to 
fixed carbon limitation (Chung et al., 2010), but atg9 seedlings 
did not (Fig. 3A). Phenotypic differences between atg9 and 
other core atg mutants were also seen for phenotypes asso- 
ciated with pexophagy, a selective type of autophagy preferen- 
tially targeting peroxisomes for degradation (Kim et al., 2013). 
Degradation of isocitrate lyase (ICL), a peroxisomal matrix en- 
zyme, was shown to be delayed in atg7 and atg5 hypocotyls 
(Kim et al., 2013). Delayed degradation was also confirmed in 
atg2-A hypocotyls (Fig. 3B), consistent with a recent report that 
another atg2a\\e\e suppressed defects in peroxisomal functions 
(Farmer et al., 2013). ICL degradation was also delayed in atgO 
hypocotyls (Fig. 3B), although atg7-2 and atg2-1 contained a 
higher level of ICL at day 9 than atg9 did. These phenotypic 
data were consistent with our observation that autophagic flux 
was fully compromised in afgZand atg2but not in atg9. 

Wortmannin blocks autopliagic flux 

To determine whether PI 3-kinase activity is required for auto- 
phagy in plant cells, we tested the effect of wortmannin (WM), 
an inhibitor of mammalian and plant PI 3-kinases (Matsuoka et 
al., 1995). We incubated pro35S-GFP-ATG8a transgenic seed- 
lings in liquid medium containing CA for various durations; the 
effect of CA on the level of free GFP was prominent after 16 h 
of incubation (Supplementary Fig. S2A). Next, we incubated 
the transgenic plants in liquid medium containing either DMSO 
or CA and various amounts of WM for 16 h and found that 10- 
30 |iM WM dampened the effect of CA on free GFP (Supple- 
mentary Figs. S2B and S2C). However, only a slight reduction 
in free GFP was seen in transgenic seedlings treated with 30 
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Fig. 3. Phenotypes of atg7-2, atg2-1, and atg9 mutants. (A) Car- 
bon starvation phenotype was assessed using a light-deprivation 
experiment (Chung et al., 2010). Two-week-old seedlings were 
deprived of light for the indicated number of days. Percentage of 
survival was calculated from self-fertilized progenies collected from 
> 4 parental plants. Mean ± S.E. (A/ = 4 or 5 sibling populations) 
(B) Peroxisomal protein degradation in hypocotyls of the indicated 
genotypes was assessed by immunoblot analysis using anti- 
isocitrate lyase (ICL, upper panels) and anti-histone H3 (lower pa- 
nels; loading control) antibodies. Representative immunoblots were 
selected from at least three independent experiments. 



[M WM alone for 16 h, compared to DMSO control (Supple- 
mentary Fig. S2B) and no treatment control at 0 h (Supplemen- 
tary Fig. S2D). These results suggested that PI 3-kinase activity 
is required for either vacuolar targeting of GFP-ATG8a or for 
stabilization of free GFP by CA. 

To gain insight into the relationship between different core 
ATG complexes in plants, we further investigated the effects of 
CA and WM on the autophagic markers in various mutant 
backgrounds. We compared confocal images of proUBQW- 
GFP-ATG8a transgenic roots of WT, atg7-2, atg9-3, and atg9-4 
background that were treated with DMSO, CA, WM, or the 
combination of CA and WM (Fig. 4A). The effect of CA in WT 
and atg9\Nas markedly diminished by treatment with WM, indi- 
cating that efficient delivery of GFP-ATG8a to the vacuole relies 
on PI 3-kinase activity. In WM-treated WT and atg9 cells, most 
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Fig. 4. Autophagic flux is blocked using wortmannin (WM). Nitrogen 
supply was linnited to seedlings for 2 days prior to analysis. (A) 
Confocal nnicroscopy of GFP-ATG8a transgenic roots treated with 
dimethylsulfoxide (DMSO), concanannycin A (CA), WM, or both. 
GFP-ATG8a transgenic roots fronn wild-type (WT, first row), atg9-3 
(second row), atg9-4 (third row), and atg7-2 (fourth row; negative 
control) background. Eight-day-old seedlings were further incubated 
for 16 h in liquid nnediunn containing DMSO (first colunnn), 1 |iM OA 
(second colunnn), 1 |iM OA and 30 |iM WM (third colunnn), or 30 )iM 
WM (fourth column). Representative images were chosen from at 
least five biological replicates. Scale bar = 10 )im. (B, C) Immunob- 
lot analysis of GFP-ATG8a transgenic seedlings of WT, atg9-3, or 
atg7-2 treated with DMSO, WM, OA, or WM and OA, as in (A). 
Immunoblots were reacted with anti-GFP (upper panels) or with 
anti-histone H3 (lower panels; loading control) antibodies. Arrow- 
heads identify the protein bands corresponding to GFP-ATG8a, 
GFPap, and histone H3. Asterisk indicates the position of GFPip. A 
minus (-) sign represents no treatment, while a plus (+) sign means 
treatment with OA or WM. Representative immunoblots were se- 
lected from at least three independent experiments. 



GFP-ATG8a signal appeared to be diffuse in the cytosol and to 
occasionally fornn cytoplasnnic foci, but ainnost no signal was 
detected in atg9 vacuoles. No GFP-ATG8a puncta were de- 
tected in the vacuoles of autophagy-defective negative control 
afg7-2 treated with CA and WM. 

We also investigated the effect of WM on autophagic flux. 
The GFP-ATG8 processing assay was perfornned using crude 
extracts prepared fronn whole seedlings that were treated with 
DMSO, CA, WM, or connbination of CA and WM (Figs. 4B and 



40). We not only confirnned the absence of GFPap in atg7-2 
(Fig. 40, lanes 5-8) and the presence of both GFPap and GFPip 
in atgO (Fig. 48, lanes 5-7), but also observed a snnall annount 
of GFPip in WM-treated WT sannples (Figs. 4B and 40; lanes 3 
and 4), suggesting that WM blocked a step in autophagy. In the 
WT, WM treatnnent increased the level of GFP-ATG8a but not 
that of GFPap (Figs. 4B and 40; lanes 1 and 4), while OA 
treatnnent enhanced the intensity of both GFP-ATG8a and 
GFPap (Figs. 48 and 40; lanes 1 and 2). WM treatnnent also 
suppressed the effect of OA on GFPap accunnulation (Figs. 4B, 
0; lanes 2 and 3). Oonnbined with the confocal nnicroscopy data, 
these innnnunoblot data indicated that WM interferes with the 
targeting of cytoplasnnic GFP-ATG8a-PE to the vacuole for 
processing to GFPap and then full degradation. GFPap was 
largely depleted in atg9-3 seedlings by WM treatnnent alone 
(Fig. 4B, lanes 5 and 8), although OA stabilized a trace annount 
of GFPap (Fig. 48, lanes 7 and 8). The additional inhibition by 
WM in atg9 is consistent with the notion that ATG9 belongs to a 
different class fronn the autophagy-specific PI 3-kinase connplex 
in Arabidopsis. In conclusion, the collective data confirnned that 
WM-sensitive PI 3-kinase activity and /A TG^ contribute to efficient 
autophagic flux, especially in early autophagic process prior to 
the fusion of the autophagosonne with the vacuole (Fig. 4). 

DISCUSSION 

In this study, we connpared different classes of core ATG pro- 
teins in Arabidopsis, by using genetic analysis, confocal nnicro- 
scopy, and the GFP-ATG8a processing assay. Our data con- 
firnned that nnutations affecting the ATG8 conjugation systenn 
and ATG2-ATG18 connplex resulted in nnore severe pheno- 
types than did atg9 (Figs. 1-4). ATG9 and PI 3-kinase activity 
nnay act at different stages of Arabidopsis autophagy, since 
atg9 nnutants retained sensitivity to WM (Fig. 4). 

We developed an Arabidopsis GFP-ATG8 processing assay 
that can separate autophagy-dependent and -independent 
pools of free GFP processed fronn GFP-ATG8a. The fornner 
pool, nanned GFPap, which appeared to accunnulate in the va- 
cuole, was stabilized by OA and increased in response to N 
linnitation. Thus, GFPap is an indicator of autophagic flux. The 
nature of the autophagy-independent pool (GFPir) is not clear, 
but GFPip nnay be related to reduction or blockage in autophag- 
ic flux. This speculation is based on our observation of GFPip in 
afgZand afg9 seedlings (Figs. IB, 10, 2, 48, and 40). 

Although the pro35S-GFP-ATG8a transgene (Thonnpson et 
al., 2005) has been popular as an autophagic nnarker in Arabi- 
dopsis, there are drawbacks to its use. We crossed the pro35S- 
GFP-ATG8a transgenic line with atg9 nnutants to obtain atg9 
nnutants expressing the transgene but later found that the 
transgene was silenced in nnutant progeny, probably because 
of the presence of the 35S pronnoter (Daxinger et al., 2008). 
We used an alternative autophagic nnarker line, proUBQW- 
GFP-ATG8a (Kinn et al., 2013), in which GFP-ATG8a showed a 
lower level of accunnulation (Fig. IB). The calculated nnolecular 
weight of free GFP nnoieties predicted fronn pro35S-GFP- 
ATGSa and proUBQ10-GFP-ATG8a, were 27.8 and 28.9 kDa, 
respectively. The 1 .1-kDa difference is nnostly caused by the 0- 
ternninal residues of the GFP nnoiety, where the pro35S-GFP- 
ATGSa transgene has a polyalanine linker and the proUBQW- 
GFP-ATG8a transgene has a different linker derived fronn a 
reconnbi nation site in the vector systenn (Fig. ID). The explana- 
tion for why only proUBQ10-GFP-ATG8a resulted in the sepa- 
ration of GFPap fronn GFPip nnay lie in the differential 0-ternninal 
sequences. For exannple, the polyalanine linker nnay cause a 
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structurally weak junction (annino acids 242 to 251 of upper 
sequence in Fig. 1 D) that is susceptible to attack by extrava- 
cuolar proteolytic activity, which nnay also attack at annino acids 
254 to 256 of GFP-ATG8a derived fronn proUBQ-GFP-ATG8a 
(Fig. 1D, lower sequence) and generate a slightly longer GFP 
nnoiety, that is, GFPip. Only in autophagy-connpetent plants, 
GFPap may fornn by further digestion to -240*^ annino acid by 
vacuolar proteases. 

The difference in nnobility between GFPap and GFPp is snnall. 
Thus, when the proUBQ10-GFP-ATG8a line is used for the 
GFP-ATG8 processing assay, it is reconnnnended that protein 
sannples be run with a reference sannple (e.g., atg9 or WM- 
treated WT extract) in SDS-PAGE. In addition, CA nnay be 
useful for confirnning nornnal autophagic flux, as reconnnnended 
previously (Klionsky et al., 2012). For exannple, we detected 
reduced autophagic flux in atg9 that would not have been re- 
vealed without CA treatnnent (Figs. 1C and 4B). 

Although WM and CA are useful as inhibitors of early and 
late steps in autophagy, respectively, it is innportant that they be 
used with caution. Since CA indirectly blocks the action of va- 
cuolar hydrolases by inhibiting vacuolar proton punnps, it took 
16 h of CA treatnnent for autophagic cargo to be nnarkedly stabi- 
lized (Supplennentary Fig. S2A). In addition, we treated Arabi- 
dopsis seedlings with liquid nnediunn containing CA and WM- 
uptake efficiency by plant tissues is variable under such condi- 
tions (e.g., shoot tissues nnay be less affected by CA and WM 
than root tissues). This partial uptake nnay explain our observa- 
tion that GFPap is only slightly increased by treatnnent of WT 
with CA and WM (Figs. 1 and 4) but significantly increased by 
dark treatnnent (Fig. 2). 

We showed that Arabidopsis ATG9 is not strictly required for 
autophagy but contributes to efficient autophagic flux and that 
atg9 phenotypes are distinct fronn those of atg2 and atg7. Our 
observation is consistent with that in previous studies of the 
atg9-2 allele (Inoue et al., 2006) but contrasts with that in an 
earlier study of the atg9-1 allele (Hanaoka et al., 2002). The 
atg9-1 allele has a Wassilewskija genetic background, while 
atg9-2, atg9-3, and atg9-4 alleles have a Colunnbia background. 
In addition, atg9-1 has a large deletion spanning exons 4-10 
near its T-DNA insertion (see Supplennentary Fig. SI A). Hyper- 
sensitivity to carbon linnitation was observed in atg9-1 nnutants 
(Hanaoka et al., 2002), while we did not note a nnarked differ- 
ence fronn the WT (Fig. 3). We do not know the cause of this 
phenotypic difference; the difference nnay suggest that the C- 
ternninal half of ATG9 is dispensable for its function if a partial 
ATG9 is produced fronn atg9-2, atg9-3, and atg9-4 (see Sup- 
plennentary Fig. SI A). Alternatively, variation in genetic back- 
ground nnay explain the phenotypic differences annong nnutants. 
Analysis of autophagic flux in atg9-1 will provide valuable in- 
fornnation to help clarify this issue. 

Note: Supplementary information is available on the Molecules 
and Cells website (www.molcells.org). 
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